The establishment and maintenance of characteristic cellular morphologies is a fundamental property of all cells. Here we describe Schizosaccharomyces pombe Pal1p, a protein important for maintenance of cylindrical cellular morphology. Pal1p is a novel membrane-associated protein that localizes to the growing tips of interphase cells and to the division site in cells undergoing cytokinesis in an F-actin-and microtubule-independent manner. Cells deleted for pal1 display morphological defects, characterized by the occurrence of spherical and pear-shaped cells with an abnormal cell wall. Pal1p physically interacts and displays overlapping localization with the Huntingtin-interacting-protein (Hip1)-related protein Sla2p/ End4p, which is also required for establishment of cylindrical cellular morphology. Sla2p is important for efficient localization of Pal1p to the sites of polarized growth and appears to function upstream of Pal1p. Interestingly, spherical pal1⌬ mutants polarize to establish a pearlike morphology before mitosis in a manner dependent on the kelch-repeat protein Tea1p and the cell cycle inhibitory kinase Wee1p. Thus, overlapping mechanisms involving Pal1p, Tea1p, and Sla2p contribute to the establishment of cylindrical cellular morphology, which is important for proper spatial regulation of cytokinesis.
INTRODUCTION
The establishment and maintenance of characteristic cellular morphologies is important for proper execution of cell functions. How signaling pathways, the cytoskeleton, and membrane trafficking mechanisms cooperate to control cellular morphogenesis remains a fundamental challenge in understanding cell regulation.
The fission yeast Schizosaccharomyces pombe is an attractive organism for the study of several aspects of cell biology, such as division and morphogenesis (Chang and Verde, 2003) . Fission yeast cells are cylindrical in shape with hemispherical caps at the two ends. Cells grow by tip extension with almost no change in cellular diameter (Mitchison and Nurse, 1985) . During growth, F-actin is detected in patches at the growing ends (Marks et al., 1986) , although microtubule bundles run parallel to the long axis of the cell in a manner such that their minus ends are positioned near the nucleus and the plus ends are oriented toward the cell ends (Brunner and Nurse, 2000; Tran et al., 2001) . During cell division, F-actin and associated proteins assemble into a contractile medial actomyosin ring (Le Goff et al., 1999; Feierbach and Chang, 2001; Rajagopalan et al., 2003) and microtubules assemble into a ring structure following anaphase underneath the actomyosin ring (Heitz et al., 2001; Pardo and Nurse, 2003) . How growth zones are specified during interphase leading to the localization of F-actin at the cell ends and microtubules along the long axis represents a fundamental question of interest in understanding cell polarity and morphogenesis. To unravel the mechanism of cell polarization and morphogenesis, two major classes of morphological mutants have been isolated and characterized in fission yeast (Chang et al., 1994; Snell and Nurse, 1994; Verde et al., 1995; Arellano et al., 1996) .
The first class consists of mutants that are unable to establish and/or maintain a cylindrical morphology. These mutants, referred to collectively as orb mutants, define proteins important for F-actin function and cell wall assembly (Diaz et al., 1993; Chang et al., 1994; Miller and Johnson, 1994; Ottilie et al., 1995; Verde et al., 1998) . A second group consists of mutants that are able to establish a cylindrical morphology, but are unable to position and maintain the growth machinery along a straight line leading to the formation of bent and T-shaped cells (Snell and Nurse, 1994; Verde et al., 1995; Beinhauer et al., 1997; Mata and Nurse, 1997; Radcliffe et al., 1998; Browning et al., 2000; Brunner and Nurse, 2000; Behrens and Nurse, 2002; Snaith and Sawin, 2003) . These mutants, that include the tea and alp classes, define elements of the microtubule cytoskeleton or those that might link F-actin and microtubules. The functional links between the orb group and tea/alp group have not been fully investigated.
Here we describe a gene, pal1, whose product localizes to the ends of interphase cells and to the division site in cells undergoing cytokinesis. Pal1p appears to contribute to a mechanism that maintains the cylindrical morphology of fission yeast cells in concert with the Hip1-related protein Sla2p/End4p, by modulation of cell wall integrity. We also provide evidence for the existence of at least two pathways important for the maintenance of a cylindrical cellular morphology.
MATERIALS AND METHODS

S. pombe Strains, Media, and Reagents
S. pombe strains used in this study are listed in Table 1 . YES medium or Minimal medium with appropriate supplements were used to culture fission yeast cells. Fission yeast strains were constructed by either random spore germination method or by tetrad dissection. For strains with low mating efficiency, diploids were generated by using ade6-210/ade6-216 intragenic complementation and selected on minimal plates lacking adenine. These diploids were then sporulated and tetrads dissected. To disrupt F-actin or microtubules, cells were treated with either 15 M of latrunculin A (Molecular Probes, Eugene, OR) or 8 g/ml methyl 1-(butylcarbomyl)-2-benzimidazolecarbamate (MBC; Aldrich Chemical, Milwaukee, WI).
Gene Disruption and Epitope Tagging
To create the pal1::ura4 ϩ disruption cassette, a 0.7-kb KpnI/XhoI fragment representing the 5Ј UTR of the pal1 open reading frame (ORF) was obtained by PCR from genomic DNA using the primers MOH1532 (CGGGGTACCT-TATTGCAGCTCTTTATATC) and MOH1533 (CCGCTCGAGCCCGTATTG-CACCCAAACGATAC), and cloned into KpnI/XhoI sites of the pCDL126 vector (contains ura4 ϩ in pBSKϩ plasmid). A 0.7-kb XbaI/SacI fragment representing the 3Ј UTR of pal1 was also obtained by PCR using the primers MOH1534 (GCTCTAGAGCTTTTCAGGCTTGAAACTTTATTTAC) and MOH1535 (CGA-GCTCCCAATTTGGCACCGACTCTAAAAAAC) and cloned into the modified plasmid containing the 5Ј UTR and the marker gene ura4 ϩ , to generate pCDL863. To generate a pal1 gene deletion strain, a 3.2-kb fragment from pCDL863 was generated by digestion with KpnI and SacI and was introduced into the wild-type haploid strain hϪ) . A similar strategy was used to create a strain deleted for the sla2 gene. The primers MOH1686 (CGGGGTACCAGAAATGTTAACGAAGACTC) and MOH1687 (CCGCTC-GAGGTGATCGGATTGCAGTCGAAACG) were used to amplify the 5Ј UTR, and the primers MOH1688 (GCTCTAGATTAAGTCTTTTCGATCC) and MOH1689 (CGAGCTCTCCACCCCGACGGTTTCATTC) were used to amplify the 3ЈUTR of sla2. The ura4 ϩ gene flanked by the 5Ј UTR and 3Ј UTR of sla2 was transformed into a diploid strain (ura4-D18/ura4-D18, leu1-32/leu1-32, ade6-210/ade6-216, hϩ/hϪ) . Yeast transformations were performed by the lithium acetate method (Okazaki et al., 1990) . Transformants were selected by growth on supplemented minimal medium lacking uracil. For green fluorescent protein (GFP) tagging of pal1 and sla2, a 1-kb KpnI/ SmaI fragment of pal1 and a 1-kb KpnI/SmaI fragment of sla2, encoding the C-termini, were obtained by PCR using the primer pairs MOH1466 (CGGGGTACCTAATCTGCGGAGGCATTAGCCGAACG) and MOH1467 (TC-CCCCGGGCGACTTTTTGTGGAATAATCGTC), and MOH1564 (CGGGGTAC-CTAATCCGTCAACACAAGAAAAATGGATG) and MOH1565 (TCCCCC-GGGCTCTTCGGCAACATGATAAGATG), respectively. The fragments were cloned into the KpnI/SmaI sites of pJK210-GFP to yield the plasmids pCDL856 and pCDL916. Plasmids were linearized with SalI or PacI and transformed into the wild-type haploid strain MBY192. Similarly, for tagging pal1 and sla2 with 13-Myc, a 1-kb KpnI/BamHI fragment of pal1 and a 1-kb KpnI/BamHI fragment of sla2, encoding the C-termini, were obtained by PCR using the primers MOH1466, MOH1681 (GCGGATCCGCGACTTTTTGTGGAATAATCGTC) and MOH1564, MOH1685 (GCGGATCCGCTCTTCGGCAACATGATAAGATG), respectively, and cloned into the same sites of pJK210-13Myc to yield the plasmids pCDL919 and pCDL931. The plasmids were linearized with SalI and PmlI, respectively, and transformed into the wild-type haploid strain MBY102. In all cases, correct integration was confirmed by PCR.
High-copy Suppressor Screening
To identify genes that act as high-copy suppressors of the colony formation defect of the sla2⌬ mutant at 36°C, a genomic DNA library (Nakamura et al., 2001 ) was transformed into sla2⌬ cells. After transformation, cells were incubated at 24°C for 12 h on minimal medium lacking leucine and then shifted to 36°C and incubated for 5 d. The plasmids were recovered from the rescued sla2⌬ clones and transformed into Escherichia coli cells. The recovered plasmids were sequenced using T3 and T7 primers. From this screen, we identified sla2 six times and pal1 three times.
Immunoprecipitation and Western Blotting
Immunoprecipitation and Western blotting were performed as described (Wang et al., 2002) . Briefly, total cell extracts were prepared from exponentially growing cells by disruption with glass beads. NP-40 buffer, 600 l, (1% Triton X-100, 150 mM NaCl, 2 mM EDTA, 6 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 , 1 mM phenylmethylsulfonyl fluoride [PMSF] , 2 mM benzamidine, supplemented with protease inhibitors [Complete, EDTA-free, Roche Diagnostics, Indianapolis, IN]) was used to extract soluble proteins from ϳ40 ml early log phase culture. Cell extracts were clarified by centrifugation at 14,000 rpm for 10 min at 4°C. For each immunoprecipitation experiment, 500 l of soluble protein was incubated with 5 l of ␣-GFP antibodies for 1 h at 4°C. SepharoseProtein A beads (100 l, Amersham Biosciences, Piscataway, NJ) were added to the antigen-antibody immunocomplex and incubated for 45 min at 4°C. After six washes, beads were resuspended in SDS-PAGE loading buffer and heated at 95°C for 5 min.
To detect Myc or GFP-tagged Pal1p and Sla2p proteins were separated on 8% SDS-polyacrylamide gels (Mini-protein II system; Bio-Rad Laboratories, Richmond, CA) at 120 V for 1 h and transferred (Trans-Blot system; Bio-Rad Laboratories) at 90 V for 1 h to a PVDF membrane (Millipore Co., Bedford, MA). The membrane was blocked with 5% nonfat milk in phosphate-buffered saline-Tween 20 (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , 0.05% Tween 20, pH 7.4) for 1 h at room temperature or overnight at 4°C. Primary ␣-GFP (Molecular Probes) and ␣-Myc (Sigma, St. Louis, MO) antibodies were used at 1:2000 dilutions. Peroxidase-conjugated ␣-rabbit and ␣-mouse IgG (Sigma) were used at 1:4000 dilutions, and the chemiluminescent signal was detected using a 1:1 mixture of ECL1 (2.5 mM 3-aminophytaldrazide dissolved in dimethyl sulfoxide (DMSO), 0.4 mM p-coumaric acid, 100 mM Tris-HCl, pH 8.5), and ECL2 (0.02% H 2 O 2 , 100 mM Tris-HCl, pH 8.5; Schneppenheim et al., 1991) .
Microscopy
Fluorescence microscopy was done as described by Balasubramanian et al. (1997) . Cells were fixed with 7% formaldehyde to visualize F-actin structures using Alexa Fluor-488 phalloidin (Molecular Probes). For immunofluorescence studies, cells were fixed with 7% formaldehyde. To detect Sla2p-GFP, Cdc4p, and microtubules, antibodies against GFP, Cdc4p, and ␤-tubulin (a gift from Dr Keith Gull) were used. ␣-rabbit and ␣-mouse IgG-conjugated with either Alexa Fluor-594 or Alexa Fluor-488 (Molecular Probes) were used as the secondary antibodies. Aniline blue and Calcofluor were used to stain cell wall. DNA was stained with 4Ј,6-diamidino-2-phenylindole (DAPI). Cells were observed using a Leica DMLB microscope (Deerfield, IL) and images were captured using a Photometrics CoolSNAP ES camera (Tucson, AZ). MetaVue software (Universal Imaging, West Chester, PA) was used to acquire images and the images were then assembled in Photoshop 7.0 (Adobe Systems, San Jose, CA). For time-lapse microscopy, cells were concentrated from early log phase culture and spotted on a glass slide containing an agar pad with appropriate medium. The time-lapse analysis was conducted at room temperature (22-24°C) using the Leica DMLB microscope. Assembly of images was done using ImageJ 1.32 (National Institutes of Health, Bethesda, MD). For confocal microscopy, cells were observed under the Zeiss Meta Inverted Laser Scanning Confocal microscope (LSM510; Thornwood, NY). Image acquisition was done at the excitation wavelength of 488 nm with 3-4% of the laser intensity. For electron microscopy, cells were processed as described in Wang et al. (2002) .
Density Gradient Centrifugation
S. pombe cells were grown in YES at 30°C to OD 595 ϭ 0.5. Cells were harvested and broken using glass beads and total proteins were extracted in 300 l TNE buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, supplemented with protease inhibitors [Complete, EDTA-free, Roche Diagnostics]). The lysate was cleared from cell wall debris by low-speed centrifugation (200 ϫ g). To the supernatant, Optiprep (Axis-Shield, Oslo, Norway) was added to a final concentration of 40%, overlaid by 1300 l of 30% Optiprep in TNE and 100 l TNE. Samples were centrifuged for 2 h at 55000 rpm at 4°C in a Beckman TLS55 rotor (Fullerton, CA), and six equal fractions were collected from top to bottom of the gradient. Proteins were precipitated using methanol/chloroform (Wessel and Flugge, 1984) , and the pellets were dissolved in SDS sample buffer. Protein concentration was determined using amidoblack (Popov et al., 1975) against bovine serum albumin as a standard.
For Western blotting, equal volumes of each fraction were separated on 10% SDS-polyacrylamide gels (Laemmli, 1970) and immunoblotted with ␣-GFP (Molecular Probes), ␣-Pma1p and ␣-Cdc8p antibodies.
RESULTS
A Novel Membrane-associated Protein, Pal1p, Localizes to the Sites of Active Growth and Cell Division
We identified a gene, pal1 (pears and lemons; encoded by SPCP1E11.04c), based on its homology to a novel uncharacterized ORF from budding yeast (YDR348c). This gene was chosen because its protein product localizes to the cell division site, as determined from a large-scale effort aimed at cataloging the intracellular localization of all budding yeast proteins (Huh et al., 2003) . Proteins related to Pal1p were detected in several ascomycetes. Figure 1A shows the alignment of the conserved part of the amino acid sequence of Pal1p with related members from S. cerevisiae, Magnaporthe grisea, and Neurospora crassa. Proteins related to Pal1p are variable in length and share an ϳ160 amino acid region of high similarity, which ends roughly 100 amino acids from the C-termini of these proteins ( Figure 1B ). Proteins related to Pal1p were not readily identified in plants and metazoans.
To determine the intracellular distribution of Pal1p, we fused the ORF to DNA sequences encoding the GFP. The sole copy of the gene encoding the Pal1p-GFP fusion was expressed under the control of the native promoter sequence. Pal1p showed a cell cycle-dependent intracellular distribution ( Figure 1C ). Pal1p was detected at one end of Total cell extracts were prepared from the pal1-GFP (lane 1) and wild-type (lane 2) strains and were subjected to SDS-PAGE and immunoblotted using ␣-GFP antibody. (E) Pal1p is a membrane associated protein. Total cell extracts prepared from the pal1-GFP strain were fractionated by density gradient centrifugation. The fractions obtained were subjected to SDS-PAGE and immunoblotted using ␣-GFP, ␣-PMA1, and ␣-Cdc8p antibodies. Lanes 1-6 show the different fractions from top to bottom of the density gradient.
the cell in a small proportion of uninucleate cells ( Figure 1C ; cell 1) and was visualized at both ends of the vast majority of uninucleate cells ( Figure 1C ; cell 2). In cells undergoing cytokinesis, Pal1p-GFP was present at the medial cell division site ( Figure 1C ; cells 3-6). Thus Pal1p localizes to the cell tips in interphase and to the division site during mitosis and cytokinesis.
In most cases the Pal1p-GFP signal appeared to be closely associated with the cell periphery, suggesting a possible membrane association of this protein. To test if Pal1p was membrane associated, we carried out membrane preparations from a strain expressing GFP-tagged Pal1p. In denaturing lysates, Pal1p-GFP was detected as a single band of ϳ75 kDa, consistent with the predicted size of this fusion protein ( Figure 1D ). This band was absent in a wild-type strain in which Pal1p was not tagged with the GFP epitope, establishing that the 75-kDa band was the product of the pal1-GFP encoding gene. Interestingly, upon preparation of a membrane fraction by density gradient centrifugation, a significant portion of Pal1p was found to cosediment at the top of the gradient ( Figure 1E ) in a fraction that contained other known membrane proteins such as plasma membrane ATPase Pma1p (Serrano et al., 1993) , whereas a significant fraction also comigrated with Cdc8p, a known soluble protein related to tropomyosins (Balasubramanian et al., 1992) . The sedimentation studies suggested that a part of Pal1p was membrane associated.
Pal1p Localizes to Growth Zones Independent of F-actin and Microtubules
The fact that Pal1p was detected at one or both ends suggested that Pal1p localizes to the actively growing end(s). In the orb2-34 mutant grown at the permissive temperature (known to grow only at the old end; Verde et al., 1995) , Pal1p-GFP was detected at the growing end as determined by costaining with the cell wall stain aniline blue ( Figure 2A , a and b). Pal1p-GFP was detected at both ends of heatarrested cdc25-22 cells that are known to grow in a bipolar manner ( Figure 2B ). Pal1p-GFP was found to be localized to a larger region of the cell cortex in spherical and isotropically growing mutants such as orb2 -34, orb3-167, orb6-25 at the restrictive temperature ( Figure 2C ; unpublished data for orb2-34 and orb6-25) and was detected at the additional tips generated in a tea1⌬ mutant (marked with arrows in Figure  2D ). Furthermore, Pal1p-GFP localized to the mispositioned septa in a mid1⌬ mutant ( Figure 2E ). Taken together, these data suggested that Pal1p localizes to sites of polarized growth and secretion.
Fission yeast cells are known to reinitiate polarized growth toward a mating partner of opposing mating type. This growth occurs in random directions, determined by the position of the mating partner (Nielsen and Davey, 1995) . During mating, Pal1p-GFP was detected at the zone of cell fusion ( Figure 2F ). Thus, Pal1p localizes to sites of polarized growth and secretion in vegetative and mating cells.
Given that both the F-actin and microtubule cytoskeletons are important for proper polarized growth and cell division, we studied the role of F-actin and microtubule cytoskeletons in the localization of Pal1p-GFP to the cell tips and the cell division site. To test the role of F-actin in assembly and maintenance of Pal1p at the cell tips and the division site, a cdc25-22 strain was arrested at the G2/M boundary by shift to the restrictive temperature. Cells were then treated with Lat A to cause eventual loss of all F-actin structures and returned to the permissive temperature to allow resumption of the mitotic cycle. Cells were treated with the solvent DMSO as a control. In DMSOtreated cells, Pal1p was detected at the division site in well-formed septa ( Figure 2G ; cell a). Interestingly, in Lat A-treated cells, Pal1p continued to be present at the cell tips, suggesting that maintenance of Pal1p at the cell tips is F-actin independent ( Figure 2G : cells b-d, marked with arrows). In addition, Pal1p-GFP also accumulated at the division site in Lat A-treated cells ( Figure 2G : cells b-d, marked with arrowheads), although Pal1p-GFP was not organized into a proper medial ring structure in the absence of an actomyosin ring.
To study the role of the microtubule cytoskeleton in Pal1p-GFP localization, we arrested the cold-sensitive ␤-tubulin mutant nda3-KM311 at the restrictive temperature and assayed the localization of Pal1p-GFP. Interestingly, Pal1p-GFP was clearly detected at the presumptive cell division site ( Figure 2Ha ; marked with arrowheads) as well as at the cell tips ( Figure 2Hb ; marked with arrows). Thus, Pal1p accumulation at the cell division site and its maintenance at the cell tips and the division site are independent of F-actin and microtubule function.
Pal1p Physically Interacts and Shows Overlapping Localization with Sla2p
The budding yeast Pal1p related protein YDR348c has been shown to copurify with Sla2p in genome-scale proteomic analyses in S. cerevisiae (Gavin et al., 2002) . We identified a Sla2p related protein encoded by SPAC688.11 in fission yeast ( Figure 3A) . S. pombe Sla2p is related to the budding yeast Sla2p as well as human proteins HIP1 (Huntingtininteracting protein) and talin. All four proteins shown in Figure 3A contain the actin-binding I/LWEQ motif. In addition, the AP180-N-terminal homology domain (ANTH domain) is present in Sla2p from budding and fission yeasts as well as in HIP1, but is absent in talin. To test if Pal1p physically interacted with Sla2p, we created S. pombe strains expressing 13-Myc tagged Pal1p, GFP-tagged Sla2p, and both these epitope tagged-proteins. Cell lysates were immunoprecipitated with ␣-GFP antibodies and the immune complexes were immunoblotted with ␣-Myc antibodies. Interestingly, Pal1p-Myc was immunoprecipitated by ␣-GFP antibodies only in cells expressing Sla2p-GFP and Pal1p-Myc ( Figure 3B ). Furthermore, in strains expressing Sla2p-Myc and Pal1p-GFP, Sla2p-Myc was recovered in immune complexes prepared with GFP antibodies ( Figure 3B ). Thus, Pal1p physically interacts with Sla2p.
We then investigated the localization of Sla2p-GFP, expressed from a sole copy of the gene the under control of native promoter sequences. In interphase cells, Sla2p was detected as patches at the cell ends, whereas in late mitosis, Sla2p was visualized at the medial region of the cell in patches ( Figure 3C ). To address possible colocalization of Sla2p with F-actin, cells expressing Sla2p-GFP were fixed and stained with antibodies to GFP and Alexa-conjugated phalloidin ( Figure 3D ). This experiment revealed significant colocalization of F-actin and Sla2p. Some differences were noted as well. First, Sla2p was detected in more patch-like structures compared with F-actin and second, whereas Factin assembled at the division site early in mitosis, Sla2p assembled at the division site in late anaphase. We conclude that Sla2p colocalizes with a large subset of F-actin structures and displays overlapping localization with Pal1p. As in the case of Pal1p, Sla2p localization was not altered in cells treated with the actin polymerization inhibitor LatA ( Figure 3E ) and in microtubule mutants ( Figure 3F ), suggesting that Sla2p localized in an F-actin-and microtubuleindependent manner.
Pal1p Is Important for Maintenance of a Cylindrical Shape
To study the phenotypes resulting from the loss of Pal1p function, a strain in which the entire coding region of pal1 was deleted was constructed. The resultant strain, pal1::ura4 (referred to as pal1⌬) was viable, although upon microscopic observation several morphological abnormalities were detected. The morphological phenotypes in pal1⌬ cells were classified into three groups; Spherical (short to long axis ratio of 0.80 or higher; Figure 4A ; cells marked with arrows), Abnormal (pearlike appearance; Figure 4A ; cells marked with arrowheads), and Normal (cylindrical). In spherical cells F-actin and microtubules were disorganized (Figure 4 , B and C). F-actin was detected in patches over the entire cortex, as opposed to the pattern of localization of F-actin patches at the cell tips observed in wild-type cells. In spherical cells microtubules were observed to crisscross the cell, as opposed to the presence of properly organized bundles of microtubules observed in wild-type cells ( Figure 4C ). Thus, the pal1⌬ mutant is defective in maintenance of a cylindrical cellular morphology and displays abnormally organized Factin and microtubules. Staining with calcofluor revealed cell wall abnormalities in pal1⌬ cells ( Figure 4D ). In wildtype cells, intense staining is only detected at hemispherical cell ends during growth and is observed at the division site during cytokinesis. In contrast, in growing interphase pal1⌬ cells, the intensity of calcofluor staining was more in the cylindrical part than that in the hemispherical part of the cell, suggesting that cell wall assembly was occurring at improper sites.
Given the physical interaction between Pal1p and Sla2p, the phenotype resulting from the loss of Sla2p function was also examined. Strains bearing a deletion of the entire sla2 gene were viable as reported recently by Iwaki et al. (2004) and Castagnetti et al. (2005) , although these cells showed a higher incidence of morphological abnormalities ( Figure 4E ) and were incapable of colony formation at 36°C ( Figure 5D ). sla2⌬ cells were more spherical in nature than pal1⌬ cells. Thus, the interacting proteins Pal1p and Sla2p are important for proper cylindrical shape establishment and maintenance.
Pal1p and Sla2p Are Important for Cell Wall Integrity
In experiments involving calcofluor staining, we found that the cell wall of pal1⌬ cells was intensely fluorescent, suggesting that the cell wall in pal1⌬ cells might be altered ( Figure 4D ). To test this, we studied thin sections of wild-type and pal1⌬ cells by electron microscopy. Interestingly, whereas the cell wall of wild-type cells was of uniform thickness, the cell wall in pal1⌬ cells was significantly thicker ( Figure 5A ). Thus, pal1⌬ cells assemble abnormal cell walls. It remained possible that the spher-ical morphology might have resulted from improper cell wall integrity. If this were the case, addition of an osmolyte such as sorbitol would be expected to restore cylindrical morphology of pal1⌬ cells. This was found to be the case ( Figure 5B ). An increased number of spherical and abnormal cells was detected when pal1⌬ cells were grown in YES compared with those grown in YES medium containing sorbitol.
We have found that Pal1p is essential in cells lacking the kelch-repeat protein Tea1p (discussed in a later section). To more rigorously test the conclusion that cells lacking Pal1p exhibited abnormal cell wall integrity, we assessed the ability of exogenously added sorbitol to restore viability of pal1⌬ tea1⌬ double mutant. Although pal1⌬ tea1⌬ double mutants were incapable of colony formation at 36°C on YES plates ( Figure 5C ; top panel), the double mutants formed healthy colonies on YES plates containing 1.2 M sorbitol ( Figure 5C ; top panel). Microscopic examination of double mutants grown on sorbitol-containing plates revealed the establishment of a cylindrical morphology in these cells ( Figure 5C ; left panel). These double mutant cells, however, displayed a tea1⌬ phenotype, because the osmolyte only suppressed cell wall-associated defects. Collectively, these studies established that the cell shape defects in pal1⌬ cells might result from improper cell wall architecture. sla2⌬ cells were also rendered capable of colony formation at 36°C in the presence of 1.2 M sorbitol ( Figure 5D ). Furthermore, electron microscopic analyses indicated that sla2⌬ cells contained abnormally thickened cell walls ( Figure 5A ), as observed in the pal1⌬ cells. These studies established that cells lacking Pal1p and Sla2p contained abnormal cell walls and the morphological phenotypes resulting from the loss of these proteins were suppressed by stabilization of the cell wall.
Pal1p Appears to Function Downstream of Sla2p in Promoting Polarized Growth
Given the similarity in the phenotypes of cells deleted for pal1 and sla2, the intracellular codistribution and the physical interactions, we addressed if Sla2p depended on Pal1p for its localization and vice versa. Sla2p localization was relatively unaffected in cells deleted for pal1 ( Figure 6A , a and b). In contrast, the localization of Pal1p was significantly altered in cells deleted for sla2 in two ways (Figure 6Ad ). First, a significantly elevated level of Pal1p was detected at the cell periphery in sla2⌬ cells (compare cells in Figure 6Ac ; wild-type and Figure 6Ad; sla2⌬) . Second, ϳ14% of sla2⌬ cells displayed mislocalization of Pal1p, in that Pal1p was concentrated at the sides of the cell rather than the cell tips or the medial division site (Figure 6Ad , marked with arrowheads). Finally, in spherical sla2⌬ cells Pal1p was detected over the entire cortex. Thus, Sla2p appears to be important for optimal localization of Pal1p at the cell tips and the division site and the localization dependencies suggest that Pal1p functions downstream of Sla2p. The localization epistasis was consistent with our isolation of pal1 as a high copy suppressor of the temperature-sensitive growth and morphology defects of sla2⌬ cells. Interestingly, although sla2⌬ cells expressing empty plasmids were unable to form colonies at 36°C, cells expressing sla2 or pal1 were able to form colonies at 36°C ( Figure 6B ). Furthermore, cylindrical morphology was largely restored in sla2⌬ cells carrying multicopy plasmids expressing pal1 (Figure 6Cc ; compared with cells in Figure 6C , a and b). sla2⌬ cells suppressed by overproduction of Pal1p were largely incapable of new end growth ( Figure 6Cc ; marked with arrow), indicating that Sla2p function was essential for new end growth. These experiments suggested that Pal1p might function downstream of Sla2p in the maintenance of a cylindrical morphology and cell wall integrity, by participating in a subset of Sla2p functions.
pal1⌬ Cells Exhibit Various Growth Patterns Leading to Different Morphologies
We have described Pal1p, a protein that interacts with Sla2p to regulate cell wall integrity and cellular morphogenesis. We have also described that pal1⌬ cells exhibit a variety of morphological phenotypes, such as spherical, abnormal (pear shaped) and normal morphologies. We studied the behavior of cells by time-lapse microscopy to identify growth patterns that might shed light on the mechanism of formation of these various morphologies. Four major growth behaviors were noted. Cells with a cylindrical morphology were capable of bipolar growth as in the case of wild-type cells ( Figure 7A ). In instances where pear-shaped abnormal cells underwent septation, a spherical and a cylindrical daughter cell were generated ( Figure 7B ). Interestingly, we found that the spherical daughter cells made a cylindrical outgrowth and generated a tip at or near the new end, whereas the cylindrical daughter cell grew in either a monopolar (growing at the old end) or bipolar manner. In cells incapable of separation after septation, old end growth ensued and new end (branches) growth was not observed ( Figure 7C ). Finally, in instances where the two daughter cells were born with a pear shape ( Figure 7D ), both daughters grew from the old ends and did not grow from the new ends. These studies indicated that pal1⌬ cells were capable of both old and new end growth, but that old end growth was more common. The exception to this was in spherically born pal1⌬ cells that preferentially grew either at or near the new ends. These observations also provided a partial explanation for the mixture of phenotypes observed in pal1⌬ cells.
Spherical pal1⌬ Cells Polarize in G2 to Establish Pearshaped Morphology
Interestingly, we found that spherical binucleate cells were rarely (Ͻ1%) seen, whereas ϳ6% of the uninucleate cells were spherical in appearance ( Figure 8A ). The vast majority of uninucleate and binucleate cells were abnormal (pear shaped) in appearance ( Figure 8A ; Ͼ60% in both cases). The fact that spherical cells were rarely detected with two nuclei suggested that a mechanism might exist to polarize spherically born pal1⌬ cells before mitosis. To test if this was the case, spherical pal1⌬ cells were imaged by time-lapse microscopy ( Figure 8B ). Twelve of 15 spherical cells imaged underwent polarized growth, leading to the attainment of a pear-shaped morphology. Cells shown in Figure 8B were found to establish a partially cylindrical morphology and assemble division septa, indicative of successful completion of mitosis. To determine if the polarization of spherical cells took place in interphase (as opposed to during mitosis), we followed the repolarization in pal1⌬ cells expressing Cdc13p-YFP ( Figure 8C ). Cdc13p, the predominant B-type cyclin in fission yeast accumulates in the nucleus in interphase and is transferred to the mitotic spindle and the spindle pole body in metaphase before eventual degradation at anaphase A (Decottignies et al., 2001) . We found that the polarization in spherical cells always occurred in cells in which Cdc13p-YFP was detected in the nucleus, suggesting that the polarization event occurred in interphase, and possibly in G2, because this phase represents the majority of interphase in fission yeast. We then addressed if shortening of the G2 phase abrogated polarization of spherical pal1⌬ cells. To this end, double mutants of the genotype pal1⌬ wee1-50 were constructed. Wee1p regulates timing of entry into mitosis by inhibitory phosphorylation of Cdc2p and wee1 mutants exhibit a shortened G2 phase. Interestingly, we found that pal1⌬ cells displayed synthetic lethality in combination with wee1-50 at 36°C ( Figure 8D ) and nearly 40% of binucleate cells were spherical in shape (Figure 8 , E and F), whereas Ͻ6% of binucleate wee1-50 single mutants were spherical in morphology ( Figure 8F ). We therefore conclude that spherical pal1⌬ cells polarize and achieve a partially cylindrical morphology before entry into mitosis in a Wee1p-dependent manner. 
Kelch-repeat Protein Tea1p Is Required for Polarization of Spherical pal1⌬ Cells
We have shown that spherically shaped pal1⌬ cells polarize in G2 and become abnormally shaped with a clearly defined long and short axis before septation. We noticed that microtubules converged into the newly forming cylindrical projections that assemble on the spherical cell bodies ( Figure  9A ). The microtubule cytoskeleton is important for ensuring proper antipodal growth, although it is not required for establishment of cylindrical morphology (Beinhauer et al., 1997; Mata and Nurse, 1997; Sawin and Nurse, 1998; Browning et al., 2000) . It was possible that microtubules were important for the establishment of cylindrical morphology in spherically born pal1⌬ cells. Preliminary experiments revealed that pal1⌬ cells were hypersensitive to low doses of MBC (8 g/ml) and that pal1⌬ cells were mostly spherical under these conditions (unpublished data). These observations suggested that the microtubule cytoskeleton is important for establishment of a cylindrical morphology in spherical mutants such as pal1⌬.
Previous studies have established a strong (but not absolute) requirement for the microtubule cytoskeleton in localizing the polarity factor Tea1p (Mata and Nurse, 1997; Sawin and Nurse, 1998; Behrens and Nurse, 2002) . Tea1p was localized in several spots over the cortex in spherical pal1⌬ cells and was detected at the ends of abnormal as well as normal pal1⌬ cells ( Figure 9B , marked with arrows). It was therefore possible that Tea1p was also important in the polarization process in spherical pal1⌬ cells. To address this question, pal1⌬ tea1⌬ double mutants were constructed. Although tea1⌬ and pal1⌬ cells were capable of growth and colony formation at 36°C, the double mutant was unable to form colonies at 36°C and grew poorly at 30°C ( Figure 9C) . Furthermore, the percentage of spherical uninucleate and binucleate cells increased dramatically in the double mutants. Although Ͻ1% of binucleate pal1⌬ cells were spherical, ϳ25% of binucleate pal1⌬ tea1⌬ cells were spherical at 36°C ( Figure 9D ). Time-lapse studies performed with the pal1⌬ tea1⌬ double mutants further confirmed the inability of a majority of spherical double mutants to polarize and these cells septated while still spherical ( Figure 9E ). These experiments led to two conclusions. First, Tea1p is important for polarization in spherical pal1⌬ cells. Second, the loss of both Pal1p and Tea1p has a deleterious combinatorial Quantification of spherical cells with one or two nuclei in pal1⌬, wee1-50, and pal1⌬ wee1-50 mutants. Cultures were grown in YES medium at 24°C to log phase and shifted to 36°C for 4 h. Cell samples were stained with DAPI and at least 300 cells were counted for each strain. Scale bar, 5 m.
effect, suggesting that the formation of cylindrical morphology is important for maximal cell viability.
Coordination between Mitosis and Cytokinesis Is Altered in Spherical Cells
We have shown a deleterious effect upon combining pal1⌬ with tea1⌬. To understand the basis of this lethality, we shifted pal1⌬ tea1⌬ cells to 36°C, fixed, and stained with DAPI and aniline blue to visualize nuclei and septa, respectively. As controls, pal1⌬ and tea1⌬ cells were used. We noticed that a high proportion of double mutants, but not either of the single mutants, contained both DNA masses on one side of the division septum, leading to the production of an anucleate and a binucleate compartment. Such abnor- Figure 9 . Tea1p is essential for the viability and repolarization of pal1⌬ cells. (A) Microtubules converge into the cylindrical projection during the repolarization of pal1⌬ cells. pal1⌬ cells expressing ␣-tubulin GFP were grown on minimal medium agar pad at room temperature and imaged by confocal microscopy. (B) Tea1p-YFP is spread over the cortex in spherical pal1⌬ cells and localizes at tips generated in spherical pal1⌬ cells. pal1⌬ cells expressing Tea1p-YFP were used to visualize the localization of Tea1p-YFP. (C) Wild-type, pal1⌬, tea1⌬, and pal1⌬ tea1⌬ were streaked on YES agar plate and incubated for 2 d at 30 or 36°C. (D) Quantification of the percentages of spherical cells with one or two nuclei in pal1⌬, tea1⌬, and pal1⌬ tea1⌬ mutants. Cultures were grown in YES medium at 24°C to log phase and shifted to 36°C for 6 h. Cell samples were stained with DAPI and at least 300 cells were counted for each strain. (E) The growth of pal1⌬ tea1⌬ was imaged by time-lapse light microscopy on YES agar pads at room temperature. Time is indicated in minutes from the beginning of observation (t ϭ 0). Cells are numbered for tracking, a and b are used to indicate the daughter cells produced after cell division. (F) Microscopic analysis of pal1⌬ tea1⌬ cells. Cells were stained with DAPI and aniline blue to visualize DNA and septum. Arrowheads indicate the septum. (G) Quantification of the percentages of spherical cells with properly positioned septum in between two nuclei or misplaced septum. (H) Localization of Cdc4p in pal1⌬ tea1⌬ double mutant. Exponentially growing cells were fixed with formaldehyde, processed for immunofluorescence, and stained with DAPI to visualize DNA, ␣-Cdc4p to visualize actomyosin ring, and ␣-TAT1 to visualize microtubules. Merge shows that the mitotic spindle (green) is not aligned properly with respect to the Cdc4p ring (red). (I) Septum is misplaced in different spherical mutants. pal1⌬ wee1-50 and orb6-25 wee1-50 mutants were grown in YES medium at 24°C and shifted to 36°C for 5 h. sph2-3 cells were cultured in YES medium at 30°C. sla2⌬ and pal1⌬ tea1⌬ mutants were grown in YES supplemented with 1.2 M sorbitol at 24°C and shifted to 36°C for 5 h. Scale bar, 5 m. Except for sorbitol-grown pal1⌬ tea1⌬, in which abnormal cells were counted, the phenotype in spherical cells is indicated.
mally septated cells did not separate to produce anucleate and binucleate daughters (Figure 9 , F and G). pal1⌬, tea1⌬, and pal1⌬ tea1⌬ cells were also fixed and stained with antibodies against Cdc4p and ␤-tubulin to visualize the actomyosin ring and microtubules. Normally the actomyosin ring and the anaphase B spindle are aligned at right angles to each other. Interestingly, in spherical cells of the double mutant this alignment was severely altered and strikingly some spindles did not intersect the plane of the actomyosin ring at all ( Figure 9H ), whereas in other cells the spindle was not placed perpendicular to the actomyosin ring. To establish that these defects in spatial regulation of cytokinesis were due to a spherical cell shape and not due to tea1⌬ in the background, a variety of spherical mutants were scored for coordination of planes of mitosis and cytokinesis ( Figure 9I ). The mutants included pal1⌬ wee1-50, sph2-3 (Sipiczki et al., 2000) , sla2⌬, and orb6-25 wee1-50. We found that the mitotic and cytokinetic planes were not coordinated in spherical cells that were genotypically tea1 ϩ as well as tea1 Ϫ , although the extent of defects varied in these strains. Finally, defective spatial regulation of cytokinesis in the pal1⌬ tea1⌬ double mutant was almost completely suppressed by growth in medium containing sorbitol ( Figure 9I ). These experiments suggested that a spherical morphology does not allow for optimal spatial regulation of cytokinesis.
DISCUSSION
In this study we describe a mechanism of cellular polarization leading to the formation of a cylindrical cellular morphology in fission yeast. We describe the role of a novel protein Pal1p and its binding partner, Sla2p/End4p in cellular polarization, by modulation of cell wall integrity. Second, from the study of division patterns in pal1⌬ cells, we describe an alternate pathway leading to cellular polarization in the absence of Pal1p. Finally, we show that a cylindrical morphology is important for spatial coordination of cytokinesis. We discuss these points in the subsequent sections.
Pal1p, a Novel Protein that Localizes to the Growing Cell Ends and the Division Site
We identified Pal1p as a relative of the budding yeast uncharacterized ORF, YDR348c, which has been shown to localize to the bud neck (Huh et al., 2003) . Pal1p-related proteins are found in fungi, but not in plants or metazoans. As with the budding yeast YDR348c gene product, Pal1p is also detected at the cell division site. Interestingly, Pal1p is in addition detected at the growing ends of the cell. The localization of Pal1p is independent of F-actin and microtubule functions. The localization of Pal1p to the growing ends was established by its restriction to the growing end in cells growing in a monopolar manner and to both ends in G2 arrested cdc25-22 cells that grow in a bipolar manner. The localization of Pal1p to the ectopic cell ends generated in a tea1⌬ mutant and the localization of Pal1p to a larger region of the cell cortex in spherically shaped cells with no clear long and short axis further established that Pal1p was associated with the growth zones. Thus, Pal1p might either mark the growth sites or be a part of the growth machinery itself in addition to marking the growth zones. Pal1p also localizes to the zone of cell fusion in mating cells. Thus, Pal1p function is associated with polarized growth during the vegetative life cycle and during cell fusion before meiosis.
Although the Pal1p sequence does not contain obvious signal sequences or prenylation motifs, Pal1p-GFP localization experiments suggested that Pal1p might be closely associated with the plasma membrane at the cell ends and the division site. Consistent with this, Pal1p was found in the membrane fraction in centrifugation experiments. The intracellular localization of Pal1p is very similar to the distribution of sterols in fission yeast Takeda et al., 2004) . Sterol-rich membrane-domains, termed lipid-rafts, are insoluble when extracted with buffers containing Triton X-100. We have been unable to ascertain the molecular mechanism of membrane association of Pal1p and if Pal1p is a component of lipid-rafts, given that Pal1p is only partially solubilized in buffers containing urea, bicarbonate, and salt (our unpublished observations) and is largely solubilized by treatment with Triton X-100.
Pal1p and Sla2p Are Important for the Maintenance of a Cylindrical Shape and Control Cell Wall Integrity
Cells deleted for pal1 display morphological abnormalities, suggesting a role for Pal1p in the maintenance of cylindrical cell morphology. Cells deleted for pal1 are largely pearshaped, although spherical morphology is also commonly observed. What role might Pal1p play in cellular morphogenesis? The cell wall of budding and fission yeast cells plays a key role in the establishment of proper cell morphology. Furthermore, several spherical mutants define proteins important for cell wall metabolism in fission yeast (Ribas et al., 1991; Arellano et al., 1996; Hochstenbach et al., 1998; Katayama et al., 1999; Martin et al., 2003) . We have shown abnormalities in the cell wall of pal1⌬ cells by electron microscopy. Excessive deposition of cell wall material was revealed when thin sections were examined by electron microscopy. Although excessive cell wall deposition is observed in pal1⌬ cells, it is likely that the cell wall is structurally defective. This is due to our observation that the deleterious consequences resulting from loss of Pal1p are effectively rescued by exogenous addition of sorbitol.
We have shown that Pal1p interacts with the Huntingtininteracting-protein (Hip1; Wanker et al., 1997) -related molecule Sla2p/End4p in coimmunoprecipitation experiments. We roughly estimate that 5-10% of soluble pools of Sla2p and Pal1p associate physically based on the coimmunoprecipitation assay, although it is unclear if the antibodies or buffer conditions destabilize the interaction. Sla2p localizes to the regions of cell growth and division and is required for establishment and maintenance of a cylindrical morphology (this study and Castagnetti et al., 2005) . We have also shown that cells deleted for sla2 display reduced cell wall integrity and the growth and morphological phenotype of sla2⌬ is suppressed by growth on sorbitol medium. Furthermore, cell walls of sla2⌬ cells, like pal1⌬ cells, were thicker in appearance when studied by electron microscopy. Interestingly, the budding yeast sla2⌬ also displays a thickened cell wall phenotype similar to S. pombe pal1⌬ (Mulholland et al., 1997; Gourlay et al., 2003) . Proteins related to Sla2p have been proposed to recruit additional molecules such as Sla1p, leading to Arp2/3-dependent polarized actin assembly (Li, 1997; Warren et al., 2002; Gourlay et al., 2003) . It is therefore possible that Sla2p and Pal1p play a role in recruiting other proteins to the cell tips and the cell equator to aid F-actin assembly and to establish and maintain cylindrical morphology by remodeling of the cell wall. Alternatively, it is possible that Pal1p and Sla2p might be important for positioning the growth machinery, loss of which leads to targeting of the growth and the cell wall synthesizing machineries to improper sites and might not directly influence F-actin function. In both cases, Pal1p might provide a link between cellular membranes and cell polarization, given that part of Pal1p is membrane associated. In this context, it is interest-ing to note that the ANTH domain of budding yeast Sla2p interacts with membrane lipids such as phosphoinositide (4,5) bis-phosphate (Sun et al., 2005) . Future studies should examine the regions of Pal1p and Sla2p that interact with each other as well as with cellular membranes.
Pal1p Appears to Function Downstream of Sla2p
We have shown that Pal1p and Sla2p localize to the sites of polarized growth and division in an actin and microtubule independent manner (this study for Pal1p and this study and Castagnetti et al., 2005, for Sla2p) . We have also shown that although Sla2p localizes normally in pal1⌬ cells, Pal1p localization is altered in cylindrical and abnormal sla2⌬ cells. Thus, Pal1p localization depends on Sla2p function and might function downstream of Sla2p. Consistent with this idea, we have shown that overproduction of Pal1p suppresses the colony formation defect of sla2⌬ cells at 36°C. The fission yeast and budding yeast Sla2 proteins are required for endocytosis (Gourlay et al., 2003; Holtzman et al., 1993; Wesp et al., 1997; Iwaki et al., 2004) . Furthermore, Hip1R has been shown to interact with the endocytic protein clathrin in mammalian cells (Engqvist-Goldstein et al., 1999) . Cells deleted for pal1, however, are not defective for endocytosis as assayed by the uptake of the lipophilic dye FM4-64 (2 g/ml FM4-64 treatment for 30 min; unpublished data). Additionally, overproduction of Pal1p suppresses the colony formation and morphogenetic defects of sla2⌬ cells, but not its endocytosis defects (unpublished data). Thus, it is likely that Pal1p is downstream of Sla2p only for a subset of functions of Sla2p. We have also shown that sla2⌬ cells overproducing Pal1p are defective in new end growth as suggested recently by Castagnetti et al, (2005) . Additional studies are required to ascertain if the Sla2p-Pal1p module functions largely to regulate old end growth.
Polarization of Spherical pal1⌬ Cells Involves the Kelchrepeat Protein Tea1p
Although Pal1p is important for establishment of a cylindrical morphology, the proportion of pal1⌬ cells that are spherical is low (ϳ5%). Interestingly, spherical pal1⌬ cells with two nuclei are only rarely observed. These observations suggested that upon loss of Pal1p function, a second pathway might compensate for its loss and allow polarization. Consistent with this, the majority of pal1⌬ cells are pearlike in appearance. The shape change from spherical to pearlike depends on Tea1p and occurs by formation of a "tip" at or near the new end generated by the previous septation event.
In the absence of Tea1p, which is known to be important for new end growth, spherical pal1⌬ cells are unable to carry out tip growth and over several generations the vast majority of cells accumulate and die with a spherical morphology. A similar mechanism also operates to alter the morphology of spherical cells of other orb mutants such as orb3- 167, ras1⌬, WG, and MKB, unpublished observations) , suggesting that the shape correction is not unique to pal1⌬. Several orb mutants also exhibit synthetic lethal interactions with tea1⌬ mutants (orb3-167; TGC, WG, and MKB, unpublished; scd1⌬ and ras1⌬; described by Papadaki et al., 2002) . Thus, we propose that Tea1p becomes essential in spherical cells and that "tip" formation is the equivalent of new end growth in such spherical cells. Our studies are consistent with the proposal of multiple pathways of cell polarization (Feierbach et al., 2004) and with recent studies of Sawin and Snaith (2004) , suggesting a role for Tea1p in resetting polarity.
Previous studies have shown that Tea1p and microtubules are important for proper antipodal growth of fission yeast cells (Snell and Nurse, 1994; Verde et al., 1995; Mata and Nurse, 1997; Sawin and Nurse, 1998) , although they are not required for establishment of the cylindrical morphology per se (Sawin and Snaith, 2004) . It is likely that Tea1p plays a major role in targeting the growth machinery to the tips generated in spherically born pal1⌬ cells. An attractive possibility is that stochastic accumulation of Tea1p at the cell cortex to "critical" levels might allow F-actin and cell wall assembly, leading to tip growth. Although it seems likely that other molecules involved in microtubule-based polarization, such as Tip1p, Mal3p, Tea2p, Pom1p, Tea3p, and Tea4p (Bahler et al., 1998; Brunner and Nurse, 2000; Arellano et al., 2002; Browning et al., 2003; Busch and Brunner, 2004; Martin et al., 2005) should become essential when cylindrical morphology is compromised, future studies should establish if this is indeed the case.
Spherical Morphology Leads to Loss of Spatial Regulation of Cytokinesis
We have shown that pal1⌬ tea1⌬ double mutants are unable to form colonies under conditions in which both parents are capable of colony formation. Double mutants of the genotypes scd1⌬ tea1⌬ and ras1⌬ tea1⌬ have also been shown to display a synthetic lethal defect, although the basis of this lethality has not been fully characterized (Papadaki et al., 2002) . We have shown that the spherical pal1⌬ tea1⌬ cells are unable to spatially coordinate mitosis and cytokinesis frequently, leading to the formation of a septated-binucleate cell in which both nuclei are placed on one side of the septum. Such defects are observed in spherical cells that are genotypically tea1 ϩ (pal1⌬ wee1-50, sla2⌬, sph2-3, orb6-25 wee1-50) as well as tea1 Ϫ (pal1⌬ tea1⌬ and orb3-167 tea1⌬; unpublished data for orb3-167 tea1⌬). Furthermore, Ͻ5% of cytokinetic events are spatially impaired in pal1⌬ tea1⌬ cells, whose morphology is suppressed in medium containing the osmolyte sorbitol. We propose that it is the spherical shape, rather than the absence of Tea1p that leads to the observed defects in spatial regulation of cytokinesis, although a role for Tea1p in ring positioning in certain genetic backgrounds cannot be ruled out, given the low percentage of cells with spatial defects in cytokinesis in sorbitol suppressed pal1⌬ tea1⌬ mutants. It is likely that the lethality of spherical mutants defining essential genes (such as mor2, orb6, mob2, bgs3, etc.) might in part result from defective spatial coordination of cytokinesis, in addition to possible defects in cell wall assembly (Verde et al., 1998; Hirata et al., 2002; Hou et al., 2003; Martin et al., 2003) . Interestingly, mutants defining genes important for division site placement, such as mid1⌬ and pom1⌬ (Chang et al., 1996; Sohrmann et al., 1996; Bahler and Pringle, 1998) are viable. It is possible that the cylindrical morphology of cells of the division site selection mutants (such as mid1⌬ and pom1⌬) might largely ensure that mitotic events lead to the production of daughters with one nucleus each.
Spherical Morphology and the Cell Cycle
We have shown that spherical pal1⌬ cells polarize in interphase, because polarizing cells contain an interphase array of microtubules and cyclin B (Cdc13p) is detected in the nucleus, as opposed to its presence on the spindle (metaphase) or lack of detectable localization (anaphase). We have also shown that shortening of G2 utilizing a wee1 mutation, leads to an increase in the number of spherical mitotic cells and lethality. Previous studies have shown that spherical S. pombe mutants, such as mor2, and orb6 (Hirata et al., 2002; Verde et al., 1998) are delayed in G2 in a Wee1p-dependent manner. This has been proposed to signify a morphogenesis checkpoint, although the functional end point of this checkpoint mechanism has not been fully explored. An attractive possibility is that some aspect of morphogenesis inactivates Wee1p, leading to entry into mitosis as has been proposed from studies in budding yeast (Lew, 2003) . The formation of a tip might represent such a morphogenetic event that relieves the G2 delay. Future studies should assess if pal1⌬ cells are delayed in G2 until tip formation and if tip formation in turn represents the functional end point upon morphogenetic checkpoint activation.
